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Abstract 

The transcriptional response promoted by hypoxia-inducible factors has been associated with metastatic spread of uveal 
melanoma. We found expression of hypoxia-inducible factor lex (HIF-lcx) protein in well-vascularized tumor regions as well 
as in four cell lines grown in normoxia, thus this pathway may be important even in well-oxygenated uveal melanoma cells. 
HIF-loc protein accumulation in normoxia was inhibited by rapamycin. As expected, hypoxia (1% PO2) further induced HIF- 
^a protein levels along with its target genes VEGF and LOX. Growth in hypoxia significantly increased cellular invasion of all 
5 uveal melanoma lines tested, as did the introduction of an oxygen-insensitive HIF-lcx mutant into IVlel285 cells with low 
HIF-lcx baseline levels. In contrast, HIF-lcx knockdown using shRNA significantly decreased growth in hypoxia, and reduced 
by more than 50% tumor invasion in four lines with high HIF-lcx baseline levels. Pharmacologic blockade of HIF-lcx protein 
expression using digoxin dramatically suppressed cellular invasion both in normoxia and in hypoxia. We found that Notch 
pathway components, including Jag1-2 ligands, Hesl-Heyl targets and the intracellular domain of Notchi, were increased 
in hypoxia, as well as the phosphorylation levels of Erk1-2 and Akt. Pharmacologic and genetic inhibition of Notch largely 
blocked the hypoxic induction of invasion as did the pharmacologic suppression of Erk1-2 activity. In addition, the increase 
in Erk1-2 and Akt phosphorylation by hypoxia was partially reduced by inhibiting Notch signaling. Our findings support the 
functional importance of HIF-lcx signaling in promoting the invasive capacity of uveal melanoma cells in both hypoxia and 
normoxia, and suggest that pharmacologically targeting HIF-lcx pathway directly or through blockade of Notch or Erk1-2 
pathways can slow tumor spread. 
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Introduction 

Melanomas arising in the uveal tract of the eye represent the 
most common primary intraocular cancer in adults, and half 
spread hematogenously to visceral organs, generally leading to 
patient death. Approximately 1500 new uveal melanoma cases are 
diagnosed in the United States each year, accounting for 5% of all 
melanomas and 13% of melanoma deaths [1]. Treatment depends 
upon the size of the tumor and includes enucleation, brachyther- 
apy, transpupillary thermo therapy, and local resection [2,3]. 
Despite these treatments, metastasis remains a critical problem, 
and improved understanding of the signaling pathways driving 
tumor dissemination and facilitating growth at distant sites is 
needed. 

The most significant single chromosomal marker of poor 
outcome in uveal melanoma is loss of one copy of chromosome 
3 [4-8], while activating mutations in the alpha subunit of 
heterotrimeric G proteins, GNAQ^ or GNAll, are considered an 
early event in the development of the disease [9]. Recently, 



inactivating mutations in the tumor suppressor BRGAl -associated 
protein- 1 {BAPl), located at 3p21.1, were shown to occur almost 
exclusively in metastatic uveal melanomas with monosomy 3 [10]. 
Finally, expression analysis has revealed two separate groups of 
uveal melanoma: class 1 tumors with low metastatic risk, and class 
2 tumors, characterized by metastatic spread and worse prognosis 
[11,12]. 

Interestingly, one biomarker strongly associated with class 2 
signature is the Hypoxia-Inducible Factor lex (HIF-lcx), the main 
regulator of the hypoxic response [13]. Hypoxia leads to the 
transcriptional induction of genes that participate in angiogenesis, 
iron metabolism, glucose metabolism and cell proliferation/ 
survival. The main factor mediating these responses is HIF-lcx, 
an oxygen-sensitive transcriptional activator regulated by oxygen- 
dependent post-translational modifications, including hydroxyl- 
ation in Pro-402 and Pro-564, catalyzed by HIF-lcx prolyl- 
hydroxylases (PHD 1,2,3) [14]. Under hypoxic conditions, proline 
hydroxylation is suppressed, stabilizing the HIF- 1 cx subunit, which 
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Figure 1. HIF-1a pathway is induced by hypoxia and mTOR activity in uveal melanoma. A, HIF-1oc protein levels were determined by 
Western blot in 0CM1, Mel285, Mel290, 0MM1 and 92.1 lines grown in normoxia (N) or in hypoxia (H) for 24 hours; p-Actin was used as loading 
control. B, C, VEGF (B) and LOX (C) mRNA levels were analyzed by qPCR in five uveal melanoma lines after exposure for 24 hours to normoxia (N) or 
hypoxia (H), (*p = 0.02; **p = 0.005; ***p<0.0001). D, Expression of HIF-1a and CD34 was examined in snap frozen primary uveal melanoma 
specimens by immunohistochemistry. Scleral tissue is present on the left (asterisks) and tumor showing irregular cracking artefact due to freezing on 
the right. CD34 stains (arrows) highlight a dense capillary network, with diffuse HIF-1 a staining in tumor tissue. E, HIF-1a, phospho-Ser^^^^^^^ S6 and 
total S6 ribosomal protein levels were determined by Western blot in 0MM1 and 92.1 lines after 24 hours of treatment with rapamycin at 25, 50, 
100 nM or DMSO; total ribosomal S6 protein was used for loading control. 
doi:1 0.1 371 /journal.pone.01 05372.g001 



translocates to the nucleus, where it binds HIF-1 (3, forming a 
complex, that activates gene transcription by interacting with 
hypoxic response elements (HRE) in the regulatory region of the 
target genes [15]. HIF-lot contributes to cancer progression by 
activating a transcriptional program, which includes glycolytic 
enzymes, proangiogenic proteins and motility factors, enabling 
tumors to grow, invade and metastasize in the hostile environment 
characterized by low oxygen tension [16]. Another HIF-a subunit, 
HIF-2ot, can also play an important role in the hypoxic response 
[17]. While HIF-1 a is ubiquitously expressed, HIF-2ot is confined 
to the endothelium, kidney, heart, lung and small intestine, 
activating preferentially the expression of lysyl- oxidase, transform- 
ing growth factor-(X (TGF-(x) and Cyclin Dl, and enhancing the 
transcriptional activity of c-myc [18,19]. 

HIF-1 a protein is highly expressed in metastatic uveal 
melanomas [13]. VEGF, a transcriptional target of HIF-lot, has 
also been associated with aggressive behaviour in uveal melanoma 
[20]. In addition, expression of another HIF-1 oc target gene, lysyl 
oxidase (LOX), was found to be elevated in aggressive epithelioid 
cell type and was associated with shorter metastasis-free survival, 
suggesting that HIF- 1 ot transcriptional activity may be increased in 
primary uveal melanomas which metastasize [21]. LOX has also 
been linked to HIF-driven metastasis in multiple different tumor 
types and it is believed to promote metastasis by remodelling the 
extracellular matrix [22-24]. Recently, the increased expression of 
HIF- la has been shown to be significantly associated with 
proliferative (MIB-1) and vascular (CD31 and VEGF-A) markers 
in uveal melanoma primary tumors, even though no significant 
correlation was observed between HIF- 1 ot expression and patient 
survival [25]. 

Collectively, these studies implicate signaling pathways associ- 
ated with low oxygen tension (hypoxia) in the spread of uveal 
melanoma. We examined the effects of oxygen level and HIF-lot 
expression on the growth and invasion of uveal melanoma cells in 
order to determine how the hypoxic response might modulate the 
biology of these tumors. 

Materials and Methods 

Cell lines, plasmids and reagents 

Human cell lines derived from primary uveal melanoma, 
OCMl, Mel285, Mel290, 92.1 [26-29], or from a subcutaneous 
metastasis, OMMl [30], were kindly provided by Dr. J. 
Niederkorn (UT Southwestern Medical Center, Dallas, TX), and 
cultured in RPMI 1640 medium as previously described [31,32]. 
Lentiviral particles containing PLKO.l transfer vector with short 
hairpin RNA (shRNA) targeting HIF- la or CBFl mRNA (target 
sequences are shown in Table SI) were purchased from Thermo 
Fisher Scientific (Waltham, MA) and prepared using HEK293T 
cells as previously described [31]. Retroviruses were generated 
using a pBABE vector carrying an oxygen stable mutant of HIF- 
lot HA-tagged (HIF-lot^^"^^2Aia/Pro564Aia^^ rcsistaut to prolyl- 
hydroxylation and stably expressed in normoxia (Addgene, 
Cambridge, MA). pBABE vector alone was used as control. 
Puromycin (5 |Lig/mL) was used as selecting agent for both the 



gain- and loss-of-function experiments. Gamma-secretase inhibitor 
(GSI) MRK003 was provided by Merck & Co., Inc. [33]. Digoxin 
and rapamycin were purchased from Sigma-Aldrich (St. Louis, 
MO) and dissolved in DMSO. Erkl-2 inhibitor SCH772984 was 
provided by Merck & Co., Inc. and dissolved in DMSO [34]. For 
the hypoxia experiments, cell cultures were incubated for 24 hours 
in 1% p02 atmosphere using an Oxygen Controller Glove Box 
(Coy Laboratory Products Inc., Grass Lake, MI), equilibrated with 
a mixture containing 1% oxygen, 5% carbon dioxide, and 94% 
nitrogen at 37°C. 

RNA extraction and quantitative real-time PCR 

RNA from cell lines exposed to normoxia or hypoxia for 24 
hours was isolated using the RNeasy Mini Kit (Qiagen, German- 
town, MD) with on-column DNA digestion. Quantitative real-time 
PCR (qPCR) was carried out as previously described [31]. All 
reactions were performed in triplicate and each experiment was 
repeated three times, using an iQ5 Multicolor real-time PCR 
detection system (Bio-Rad, Hercules, CA), with SYBR Green 
(Applied Biosystems, Foster City, CA) as fluorescent dye, and 
normalized to (3-Actin mRNA levels. Primer sequences for VEGF, 
LOX, and Notch pathway components were previously described 
[31,35]. 

Western blotting 

Cellular cultures were exposed to normoxia or hypoxia for 24 
hours, washed with cold PBS and lysed in TNE buffer (50 mM 
Tris-HCl, pH 7.4; 150 mM NaCl; 5 mM EDTA; 1% SDS) 
supplemented with protease inhibitor diluted 1:100 (Sigma- 
Aldrich) and 1 mM sodium orthovanadate (New England 
BioLabs, Ipswich, MA). Protein lysates were sonicated on ice for 
20 seconds, and their protein concentration measured using a 
bicinchoninic acid (BCA) assay kit (BCA Protein Assay Kit; 
Thermo Fisher Scientific/Pierce Protein Biology Products, Rock- 
ford, IL). Equivalent amounts of proteins were analysed by 
electrophoretic separation using SDS-polyacrylamide gels (Invi- 
trogen, Carlsbad, CA). Proteins were transferred onto nitrocellu- 
lose membrane (Invitrogen) and exposed for 1 h to a blocking 
solution (5% dried milk in PBS). Filters were incubated overnight 
with the following antibodies specific for: HIF-lot (in mouse, 1:800, 
BD Biosciences, #610959, San Jose, CA), HIF-2ot (in rabbit, 
1:750, Novus Biologicals, #NB100-122, Littleton, CO), Hesl (in 
rabbit, 1:700, Aviva Systems Biology, #ARP32372, San Diego, 
CA), phospho-Ser^^^^^"^^ S6 ribosomal protein (in rabbit, 1:1000, 
Cell Signaling Technology, #4858, Danvers, MA), S6 ribosomal 
protein (in mouse, 1:1000, Cell Signaling Technology, #2317), 
anti-cleaved Notch 1 (in rabbit, 1:1000, Cell Signaling Technology, 
#4147), phospho-Erkl-2^^^2^2'^^2°^ phospho-Akt^^^^'^ Erkl-2, 
Akt (in rabbit, 1:1000, Cell Signaling Technology, #4376, #4060, 
#9102, #4691), anti-RBPSUH (CBFl) protein (in rabbit, 1:800, 
Cell Signaling Technology, #5313), phospho-IkB-ot^^'^^ (in rabbit, 
1:1000, Cell Signaling Technology, #2859), (3-Actin (in mouse, 
1:500, Sigma-Aldrich, #sc-47778, St. Louis, MO), or GAPDH (in 
mouse, 1:5,000, RDI, #TRK5G4-6C5, Flanders, NJ). Peroxidase- 
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Figure 2. Upregulation of HIF-1a increases cellular invasion in uveal melanoma lines. A, Transwell invasion assay was performed in five 
uveal melanoma lines exposed to normoxia (N) or hypoxia (H) for 24 hours. In the microphotographs of the right panels the invading Mel285 or 
IVlel290 cells are visualized on the lower surface of the Matrigel-coated filter after 24 hours of incubation in normal (21%) or low (1%) oxygen tension 
(*p = 0.02; **p = 0.002; *^^p<0.0001). B, HIF-1 a protein levels were determined by Western blot in Mel285 cells expressing an oxygen stable mutant of 
HIF-1a (HiF-ia'''°'^°2^'^'"'''°^^'^^'^) or pBABE control vector. GAPDH was used as loading control. C, VEGF and LOX mRNA levels were analyzed by qPCR 
in Mel285 cells expressing HIF-1 a oxygen stable mutant or pBABE vector (*p = 0.01; ***p<0.0001). D, MTS assay shows induction of cell growth in 
Mel285 cells infected with HIF-1 oc oxygen stable mutant compared to pBABE vector (*p = 0.04). E, Transwell invasion assay reveals increase of the 
invading capacity of Mel285 cells expressing HIF-1 a oxygen stable mutant compared to control vector (***p<0.0001). 
doi:1 0.1 371 /journal.pone.01 05372.g002 



coupled secondary antibodies raised in mouse or in rabbit (KPL, 
Gaithersburg, MD) were used to visualize protein bands. 
Enhanced chemiluminescence (ECL) was used as detection system 
(PerkinElmer, Waltham, MA). 

Cellular biology assays 

Cell growth assay. Cell growth was determined using 3-(4,5- 
dimethylthiazol-2-yl)-5-(3-carboxymethoxy phenyl)-2-(4-sulfophe- 
nyl)-2H-tetrazolium (MTS) colorimetric assay (Promega, Madison, 
WI), as previously described [36]. Briefly, 5x10^ cells were seeded 
in each well in a 96-well plate and resuspended in 200 |iL of 5% 
FBS medium per each well. Cell growth was measured every two 
days by adding 20 |liL of MTS reagent/ well and measuring the 
absorbance at X = 490 nm in a microplate reader (BioTek, 
Winooski, VT), after 1 hour incubation at 37°C. The growth rate 
has been determined as follows: (Abs t - Abs to)/n. days. Each 
experimental condition has been repeated in triplicate and data 
are presented as mean ± standard deviation (SD). 

Transwell invasion assay. Cellular invasion was analysed 
using 6.5-mm-diameter cell culture inserts (8-|im pore size; Becton 
Dickinson, Franklin Lakes, NJ) precoated for 1 hour with Matrigel 
(Becton Dickinson), diluted 1:100 in 10% FBS medium, in 24-well 
plates. 1.8x10^ cells resuspended in serum free medium were 
plated in each filter insert, whereas 800 |LiL of 10% FBS medium 
were added to each well to create a chemoattractant gradient. 
After 24 hours cells that did not migrate were removed with a 
cotton swab from the upper surface of the filter, while those that 
moved to the lower surface of the filter were frxed with ethanol, 
stained with hematoxylin, destained, and photographed. Data 
represent the mean±SD of the number of cells counted in six 
random high-power fields (HPFs) in each of three independent 
experiments. 

Analysis of Primary Tumors 

The study was approved by Johns Hopkins Medicine Institu- 
tional Review Board (IRB). Written informed consent was 
obtained from donors to use excess tumor tissues not required 
for diagnosis from primary uveal melanomas removed by 
enucleation at the Wilmer Eye Institute (Baltimore, MD). Eyes 
enucleated for uveal melanoma were grossly sectioned in the 
operating room. For each eye, a section containing a portion of the 
tumor was incubated in graded sucrose, snap frozen, and stored at 
-80°C. 

Immunohistochemistry 

Streptavidin alkaline phosphatase (APase) immunohistochemis- 
try was performed on cryopreserved tissue sections using a 
nitroblue tetrazolium (NBT) development system as previously 
described [37]. Rabbit anti-human HIF-lot (1:7000, Abeam, 
Cambridge, MA) and mouse anti-human CD 34 (Covance, 
Gaithersburg, MD), were used to detect HIF-1 oc protein and 
vascular endothelial cells, respectively. 



Statistical analysis 

Experiments were performed in triplicate and data are 
presented as the mean±SD. Levels of significance were deter- 
mined by 2-tailed Student's t-test, with P values lower than 0.05 
considered statistically significant. Statistical evaluations were 
carried out using GraphPad Prism4 software. 

Results 

HIF-1 a is stabilized by both hypoxia and mTOR activity in 
uveal melanoma 

To explore the role of HIF-1 0( in uveal melanoma, we first 
determined the baseline expression of HIF proteins and the 
mRNA levels of their downstream targets VEGF and LOX in 
uveal melanoma lines grown for 24 hours in normoxia (2 1 % PO2) 
or hypoxia (1% PO2). HIF- la protein was relatively abundant in 
the OCMl, OMMl, Mel290 and 92.1 uveal melanoma lines 
grown in normoxia, and was further induced by up to 5 fold in 
hypoxia (Figure lA). In contrast. Western blot examination of 
HIF-2CX protein in uveal melanoma lines revealed minimal 
expression in both low and normal oxygen tension (Figure SI). 
The mRNA levels of VEGF and LOX were also induced by 2 to 4 
fold in hypoxia (Figure IB, C). Thus HIF- la protein expression is 
relatively elevated in many uveal melanoma lines under normoxic 
conditions, but its protein levels and transciptional activity are 
further induced when oxygen levels are lowered. 

We also examined HIF- la expression in five primary uveal 
melanoma specimens, which showed some irregular cracking due 
to artefacts related to freezing and sectioning. Using immunohis- 
tochemistry, we identified diffuse HIF- la protein in aU five cases 
(Figure ID). We also stained sections for the vascular endothelial 
marker CD 34, which highlighted a dense network of capillary 
vessels. Interestingly, several tumors contained well-vascularized 
regions in which we noted that HIF- la protein was expressed 
around vessels, suggesting that it might also be present in 
normoxic regions of primary tumors. 

It has been previously shown that in some neoplasms mTOR is 
an upstream activator of HIF- la protein, enhancing its gene 
transcription [38 41]. We therefore investigated whether this 
might account for the robust HIF- la levels noted in normoxic 
uveal melanoma cells. The mTOR inhibitor rapamycin was able 
to reduce both S6 phosphorylation and HIF- la protein levels in 
normoxic tumor cells, suggesting that in uveal melanoma an active 
mTOR cascade may promote a "hypoxic" transcriptional 
response even in the presence of oxygen (Figure IE). 

Hypoxia and HIF-1 a promote uveal melanoma invasion 

We next examined the effects of hypoxia on uveal melanoma 
invasion. When cultured in 1% oxygen, invasion through a 
membrane into Matrigel was significantly induced by 2 to 5 fold in 
all of the 5 cell lines tested (Figure 2A), suggesting that hypoxic 
factors may promote tumor spread. Mel285 cells have the lowest 
baseline level of HIF- 1 a compared to the other uveal melanoma 
lines (Figure lA), therefore we used this line for additional gain-of- 
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Figure 3. Downregulation of HIF-1a reduces cellular invasion in uveal melanoma lines. A, B, HIF-loc protein levels were determined by 
Western blot in OCMI (A) and 92.1 cells (B) infected with HIF-1 oc or scramble shRNAs and exposed to normoxia or hypoxia for 24 hours. C, MTS assays 
were performed for 2, 4, 7 days in normoxia or hypoxia using OCMI and 92.1 cells infected with HIF-loc or scramble shRNAs. P values were 
determined vs scramble control shRNA. D, E, Transwell invasion assay was carried out in OCMI and 92.1 cells infected with HIF-1 cx or scramble 
shRNAs and exposed for 24 hours to normoxia or hypoxia (*p = 0.02; ***p = 0.0003). 
doi:1 0.1 371 /journal.pone.01 05372.g003 



function studies. HIF-loc activity was induced in these cells by 
retroviral infection of an oxygen stable mutant of HIF-1(X HA- 
tagged (HIF-1 (yP™^°2Aia/Pro564Aia^^ ^^-^^ rcsistaut to VHL- 

mediated degradation and its expression is not reduced in 
normoxia. pBABE vector was used as control. We confirmed by 
Western blot the increase of HIF-loc protein in normoxia in 
Mel285 cells expressing the oxygen stable mutant of HIF-lo( 
(Figure 2B), and we also observed by qPCR induction of VEGF 
and LOX mRNA expression in these cells as compared to the 
pBABE-infected cells (Figure 2C). Constitutive expression of HIF- 
loc in normoxia increased cell growth by approximately 35% 



(p = 0.04) as assessed by MTS assay (Figure 2D), and doubled the 
invasion rate through Matrigel (Figure 2E). 

HIF-1 a suppression inhibits growth in hypoxia and 
invasion in both normoxia and hypoxia in uveal 
melanoma cells 

In order to prove the importance of HIF-loc protein in the 
regulation of growth and invasion in uveal melanoma cells, we also 
performed loss-of-function studies. Since we observed that HIF-loc 
protein was relatively abundant even in normoxia in OCMI, 
Mel290, OMMl and 92.1 cells (Figure lA), we analyzed the 
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Figure 4. Digoxin inhibits cellular invasion in uveal melanoma cells. A, HIF-1 oc protein levels were determined by Western blot in 92.1 cells 
exposed to DMSO or digoxin at 100, 300 nM for 24 hours in normoxia or hypoxia. p-Actin was used as loading control. B, MTS growth assays were 
carried out in 92.1 cells treated with DMSO or digoxin at 100, 300 nM and exposed to normoxia or hypoxia for 3, 5, 7 days (***p<0.0001). C, Transwell 
invasion assay was performed in 92.1 cells treated with DMSO or digoxin at 100 nM and exposed to normoxia or hypoxia for 24 hours (***p<0.0001). 
The microphotographs in the right panel show the invading cells on the lower surface of the Matrigel-coated filter after 24 hours of incubation in 
normal (21%) or low (1%) oxygen tension. 
doi:1 0.1 371 /journal.pone.01 05372.g004 
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Figure 5. Hypoxia activates Notch pathway. A-D, Jagi (A), Jag2 (B), Hesi (C) mRNA levels were analyzed by qPCR in five uveal melanoma lines 
exposed to normoxia (N) or hypoxia (H) for 24 hours (*p = 0.01 ; ^*p = 0.001 ; ***p<0.0001). D, Notchi intracellular domain (NICD1) was determined by 
Western blot in 0MM1 and 92.1 cells exposed to normoxia (N) or hypoxia (H) for 24 hours. E, Heyl mRNA levels were analyzed by qPCR in 0CM1 cells 
pre-treated with MRK003 or DMSO for 24 hours and then exposed to hypoxia or normoxia for 24 hours (*p = 0.01; ***p<0.0001). F, Hesi protein 
expression was analyzed by Western blot in 0CM1 and 92.1 cells pre-treated with MRK003 or DMSO for 24 hours and then exposed to hypoxia or 
normoxia for 24 hours. G, Invasion assay was performed in 0CM1 cells exposed to 5 |iM of MRK003 or DMSO for 24 hours in normoxia or hypoxia 
(*^p = 0.001; ***p = 0.0002). H, Jag2 and Hesi mRNA levels were determined by qPCR in 92.1 cells infected with HIF-1a or scramble shRNAs and 
exposed to normoxia or hypoxia for 24 hours (^p = 0.02; ***p<0.0001). 
doi:1 0.1 371 /journal.pone.01 05372.g005 



effects that the downregulation of this protein has on cellular 
growth and invasion in these four lines. Three separate shRNA 
constructs targeting HIF-la reduced protein expression by more 
than 95% both in normoxia and in hypoxia (Figure 3A, B, S2A, 
B). MTS assay showed that suppression of HIF-lcx significantly 
reduced the rate of cellular growth after 7 days in culture under 
hypoxic conditions by 70-90% (p = 0.0003) in OCMl, by 130% 
(p<0.0001) in 92.1, by at least 50% (p = 0.016) in Mel290 and by 
95% (p = 0.0009) in OMMl cells. However, no significant 
reduction in cell growth was observed in normoxia in any of the 
lines analyzed, indicating the requirement of HIF- 1 a to support 
growth particularly in hypoxia (Figures 3C, S2C). 

Downregulation of HIF- 1 a also produced a profund effect on 
the ability of the cells to migrate through Matrigel. Transwell 
invasion assays carried out in OGMl, Mel290, OMMl and 92.1 
cells transduced with HIF-loc or scramble shRNAs showed that 
the suppression of HIF- lot expression greatly impaired cellular 
invasion both in normoxia and hypoxia (p = 0.0006), suggesting 
that HIF- lot plays an important role in driving invasion under 
both oxygen conditions (Figure 3D, E, S2D, E). 

Digoxin inhibits cellular invasion in uveal melanoma cells 

Since digoxin, a cardiac glycoside used in the treatment of atrial 
fibrillation and heart failure, is also known to inhibit HIF- lot 
protein synthesis [41], we used this compound to pharmacolog- 
ically suppress HIF- lot and analyze the effects on growth and 
invasion in uveal melanoma lines. While we observed a 
remarkable dose-dependent reduction of HIF-la protein levels 
in 92.1 cells treated with digoxin at 100 and 300 nM for 24 hours 
in normoxia, we found that this decrease was attenuated in 
hypoxia (Figure 4A), perhaps due to the increase in the stability of 
the protein in the presence of low oxygen tension. Long-term 
treatment with digoxin for 3, 5, 7 days reduced in a dose- 
dependent manner cell growth in hypoxia, as found by MTS assay 
(p<0.0001), while in normoxia only the highest dose inhibited 
growth (Figure 4B). Interestingly, treatment with digoxin at 
100 nM for 24 hours reduced by more than 4 fold the ability of 
the cells to invade Matrigel (Figure 4C), suggesting a more 
stringent role for HIF- 1 ot in promoting invasion both in normoxia 
and in hypoxia. 

Hypoxia exposure activates the Notch pathway 

In order to determine downstream targets of HIF- 1 a respon- 
sible for these profound effects on cellular invasion, we examined 
the expression of Notch pathway members, which we have 
previously linked to the spread of uveal melanoma cells [31,32]. 
Interestingly, hypoxia induced at least a 2 fold increase in the 
mRNA expression of the Notch ligands Jagl and Jag2 as 
determined by qPCR (Figure 5 A, B). We also observed a 
significant increase in the expression of Hesi and Heyl target 
genes after 24 hours exposure to hypoxia (Figure 5C, S3 ). As 
further confirmation that Notch signaling is induced by low 
oxygen tension, we found a striking increase in the protein levels of 



the intracellular domain of Notchi receptor (NICDl) in hypoxia 
as compared to normoxia (Figure 5D). 

To determine if the induction of Notch targets in reduced 
oxygen tension was due to canonical pathway activity, we exposed 
OCMl and 92.1 cells to the y-secretase inhibitor MRK003 at 2 
and 5 |lM for 48 hours, with hypoxia or control growth conditions 
over the last 24 hours of this treatment. The hypoxia-induced 
increase in Hesi and Heyl mRNA levels was almost completely 
blocked by the higher level of MRK003, supporting the hypothesis 
that canonical, y-secretase mediated Notch signaling is being 
activated under hypoxic conditions (Figure 5E, S4A for OCMl, 
Figure S4B for 92.1). The increase of Hesi by hypoxia was also 
confirmed at the protein level, and this induction was reduced by 
MRK003 (Figure 5F). Pharmacological blockade of Notch signal- 
ing prevented the induction of cellular invasion due to hypoxia, as 
determined by transwell invasion assay performed in OCMl and 
92.1 cells treated with MRK003 at 5 |iM, and exposed to hypoxia 
or normoxia for 24 hours (Figure 5G, S5). 

To further investigate the mechanism of crosstalk between 
hypoxia and Notch signaling, we analyzed Notch pathway 
components in 92.1 cells where HIF- lot was genetically suppressed 
by two separate sh-HIF-lot constructs. We observed that such 
suppression correlated with a reduction in the mRNA levels of 
Jag2 ligand in normoxia, and prevented Jag2 induction by 
hypoxia compared to scramble shRNA. Also the hypoxia- 
dependent induction of Hesi mRNA was suppressed by sh-HIF- 
lot constructs (Figure 5H). Thus HIF-la appears to activate 
canonical Notch signaling, including the target Hesi, in hypoxia 
by inducing the expression of pathway ligands such as Jag2. 

To additionally prove the requirement of Notch in promoting 
cellular invasion upon hypoxia exposure in uveal melanoma cells, 
we genetically inhibited Notch signaling in 92.1 cells, which we 
have previously shown to have high Notch activity [32], using 
shRNAs that specifically target CBFl, one of the main compo- 
nents of canonical Notch signaling. Two separate constructs 
potently inhibited CBFl protein expression (Figure 6A). In sh- 
CBFl -infected cells we observed a significant reduction in cell 
growth and more than two-fold decrease in invasion as compared 
to scramble sh-RNA, both in normoxia and in hypoxia, indicating 
an essential role for Notch in promoting growth and invasion 
under both oxygen tension conditions (Figures 6B, C). 

Hypoxia exposure activates Akt and MARK signaling 

Interestingly, we observed that in uveal melanoma cells 
exposure to hypoxia for 24 hours activates Akt and Erkl-2 
proteins, as found by Western blot using antibodies specific for 
phospho-Erkl-2™°2^^^^2°^ and phospho-Akt^^^^'' (Figure 7A). 
Such activation was in part mediated by Notch signaling, since it 
was partially inhibited by the y-secretase inhibitor MRK003 
(Figure S6A) and by sh-CBFl (Figure S6B). We used the Erk 
inhibitor SCH772984 to suppress the phosphorylation of Erkl-2 
in 92. 1 and OCMl cells (Figure S7). Interestingly we observed that 
the treatment of these cells with SCH772984 at 500 nM for 24 
hours significantly reduced the number of cells invading a 
Matrigel-coated membrane either in normoxic and in hypoxic 
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Figure 6. Genetic inhibition of Notch signaling reduces hypoxia-mediated cellular invasion. A, The protein levels of HIF-1a and CBF1 
were determined by Western blot in 92.1 cells infected with CBF1 or scramble shRNAs and exposed to normoxia or hypoxia for 24 hours; p-Actin was 
used as loading control. B, Growth rate was determined by MTS assay in 92.1 cells infected with CBF1 or scramble shRNAs and exposed to normoxia 
or hypoxia for 2, 4, 6 days (*p = 0.01 ; *^p = 0.001 ; ***p<0.0001). C, Transwell invasion assay was performed in 92.1 cells infected with CBF1 or scramble 
shRNAs and exposed for 24 hours to normoxia or hypoxia (*^*p<0.0001). 
doi:1 0.1 371 /journal.pone.01 05372.g006 



conditions (Figure 7B). Based on these data, we propose a model 
in which GNAQ/GNAl 1 mutations, detected in the Got subunit 
of heterotrimeric G proteins in the majority of primary uveal 
melanomas, are responsible for the activation of MAPK pathway 
under normoxic conditions. Erkl-2 in turn promotes the 
activation of mTOR signaling, known to regulate HIF- 1 oc protein 
translation and tumor growth. In hypoxic conditions, reached 
when the tumor mass outgrows the available blood supply, 
resulting in areas of low oxygen tension, a more profound increase 
of HIF- 1 a protein levels is induced by the inhibition of its oxygen- 
dependent degradation. Such induction leads to stabilization of 
Notch 1 intracellular domain (NICDl) and Notch activation. The 
stimulation of Erk and Akt, mediated by a non-canonical Notch 
pathway, contributes in promoting invasion and metastasis 
(Figure 8). 

Discussion 

Metastatic progression represents the major cause of death due 
to uveal melanoma. Even though 98% of patients do not show 
signs of metastatic dissemination at the time of diagnosis, about 
50% of them will develop metastatic disease, which is thus far 
untreatable [42]. Gene expression analysis of primary uveal 
melanomas has revealed a number of pathways potentially 
responsible for the metastatic spread, including the hypoxic 
signaling mediated by hypoxia-inducible factor la (HIF-lo() and 
its targets [13,21]. This is also supported by a previous study which 
shows that exposure to low oxygen tension increases migration, 
invasion and adhesion of Mum2B uveal melanoma cells, activating 
the expression of CXCR4, angiopoietin-related protein, and 
pyruvate dehydrogenase kinase 1 in a HIF- 1 -dependent manner 
[43]. Hypoxia and HIF- la have also been linked to the 
tumorgenicity of cutaneous melanoma [44-46]. In addition it 
has been shown that VEGF levels are significantly increased in 
uveal melanoma patients with metastatic disease as compared to 
patients without metastases, therefore using anti-angiogenic 
therapies might be potentially beneficial for the treatment of 
primary uveal melanoma or metastatic disease [47] . We therefore 
sought to extend these promising initial findings with additional 
gain- and loss-of-function analyses in multiple uveal melanoma 
lines, analysis of downstream pathways activated by hypoxia, and 
investigation of pharmacological inhibitors potentially useful for 
clinical intervention. 

Interestingly, we observed that HIF- 1 a protein is stabilized even 
in normoxia in most of the uveal melanoma lines examined, 
broadening the type of microenvironment where targeting HIF 
would be effective. HIF- la stabilization in normoxia can be due to 
sustained activation of the mTOR pathway, which was previously 
shown to be responsible for regulating the translation of HIF- 1 a 
mRNA in other tumor types [38-41]. Treatment with the mTOR 
inhibitor rapamycin reduced HIF- la protein levels in normal 
oxygen tension in OMMl and 92.1 cells, supporting a similar 
paradigm in uveal melanoma cells. Our data also indicate that 
baseline expression of HIF- la under normoxic conditions may 
play an important role in promoting cellular invasion, since 
pharmacological and genetic downregulation of HIF- 1 a reduced 
the invasion rate in both normoxia and hypoxia. Thus the 



physiological role of HIF- 1 a in normoxia is to promote invasion 
and this function is maintained and even enhanced in hypoxia. 

We performed HIF- 1 a loss-of-function studies in multiple uveal 
melanoma cell lines, since recent mutational profile studies have 
shown that BRAF^^^^^ mutation, which is pretty rare in primary 
uveal melanomas, but more frequent in cutaneous melanomas, has 
been detected in a subset of uveal melanoma cell lines, including 
OCMl. This finding implies that the lines harboring such 
mutation and lacking of the GNAQ^or GNAll mutations, which 
are present in about 80% of the primary uveal melanomas, should 
be considered non-typical uveal melanoma cell lines [48]. 

To determine downstream pathways activated by hypoxia and 
responsible for the strong increase of cellular invasion we 
examined Notch signaling, which we have previously demonstrat- 
ed to be active in many primary uveal melanoma and responsible 
for the induction of cellular invasion and clonogenic growth in 
uveal melanoma lines [31,32]. Notch 1 signaling has also been 
found to be responsible for the progression of primary cutaneous 
melanoma [49]. We found that the Jag 1 and Jag2 ligands, the 
activated intracellular domain of the receptor, and the Hes 1 and 
Heyl target genes were all induced by hypoxia exposure. 

Pharmacological suppression of the Notch pathway using the y- 
secretase inhibitor MRK003 abrogated the hypoxia-dependent 
induction of Hesl and Heyl, and prevented the increase of 
cellular invasion due to hypoxia, suggesting that canonical Notch 
signaling is activated by low oxygen levels. Genetic suppression of 
HIF- 1 a by shRNA prevented both Jag2 and Hes 1 induction by 
hypoxia, further corroborating involvement of the Notch pathway 
as a downstream target of hypoxia-induced signaling. 

At least two mechanisms might drive this Notch pathway 
induction. Previous studies have shown that HIF- la can directly 
stabilize the activated Notch 1 intracellular domain (NICDl), 
thereby increasing signaling in hypoxia [50] . However, we also see 
increased Jag 1 and Jag2 in hypoxia, suggesting that HIF- la may 
activate Notch signaling in part through ligand induction. Indeed, 
a recent study demonstrated HIF binding to a potential hypoxic 
response element (HRE) downstream of the Jag2 start codon, 
supporting a direct mechanism for the ligand induction we 
observed [51]. Our overall findings are consistent with the 
observation of elevated Notch signaling during hypoxia in many 
different tumor types [35,50-52]. 

In cutaneous melanoma, it has been found that Notch 1 
promotes tumor progression by activating MAPK and Akt 
pathways [48], which have been linked to cellular invasion and 
metastatic spread in different tumor types [53,54]. However, in 
uveal melanoma cells we observed that hypoxia exposure potently 
activates Erkl-2 and Akt pathways, partially through non- 
canonical Notch signaling. We also found that pharmacological 
inhibition of Erkl-2 signaling produced a more than two-fold 
reduction in the ability of 92.1 and OCMl cells to invade a 
Matrigel-coated membrane both in normoxic and in hypoxic 
conditions, and suppressed the hypoxia-mediated induction of 
cellular invasion, suggesting that MAPK signaling plays a role in 
the increase of cellular invasion due to hypoxia exposure. In 
Mel285 cells, we detected very high levels of phospho-Erkl-2 in 
normoxia, which were further induced in hypoxia (Figure 7 A). 
This high baseline activity of Erkl-2 in Mel285 cells might explain 
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Figure 7. Hypoxia activates MARK and Akt pathways. A, Western blot analysis reveals that exposure to hypoxia for 24 hours activates Erk1-2 
and Akt proteins in all the uveal melanoma lines, as found using antibodies specific for phospho-Erk1-2^'^''^°^^^''^°^ and phospho-Akt^^''^^^• total Erk1-2 
and Akt were used as loading controls. B, Transwell invasion assay was performed in 92.1 and OCMI cell lines treated with the Erk1-2 inhibitor 
SCH772984 at 500 nM, while exposed to normoxia or hypoxia for 24 hours. The microphotographs of the right panels show the invading cells on the 
lower surface of a Matrigel-coated filter after 24 hours of incubation in normal (21%) or low (1%) oxygen tension in the presence of the Erk1-2 
inhibitor r**p<0.0001). 
doi:1 0.1 371 /journal.pone.01 05372.g007 



why this line has the second highest level of cellular invasion 
(Figure 2A), even though it shows little detectable HIF-loc level in 
normoxia (Figure 1 A). A previous report shows that Src expression 
is associated with MAPK activation in some uveal melanoma lines, 
including Mel285, and this observation might explain the 
sustained induction of Erkl-2 that we observed at the steady state 
in this line [55]. 

Previous studies have shown that NF-kB activity contributes to 
HIF-1(X accumulation in cutaneous melanoma [56]. However in 
uveal melanoma lines we did not see any induction in the 
phosphorylation of IkB-(X^^^^^, a marker of NF-kB activation, 
under hypoxic conditions (data not shown). 

In summary, we demonstrate that HIF-loc is expressed in both 
normoxic and hypoxic uveal melanoma cell lines, as well as in 
primary tumor regions rich in blood vessels. Suppressing HIF-lcx 



expression using either shRNA or pharmacological blockade has 
negative effects on tumor growth and invasion, suggesting that 
targeting the hypoxic response may be clinically beneficial. 
Downstream pathways that we found activated by hypoxia 
exposure include Notch, Erkl-2 and Akt, and we found that 
activation of Notch and MAPK was required for full induction of 
cellular invasion under hypoxic conditions. Since several uveal 
melanoma lines appear to have a baseline expression of HIF- 1 a 
even in normoxia, which is further induced by hypoxia, we 
propose that pharmacological compounds inhibiting HIF- lex 
pathway might be potentially useful for therapeutic intervention 
in preventing the metastatic spread of primary uveal melanoma 
even in a microenvironment characterized by normal oxygen 
tension. 
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Figure 8. Working model. The working model shows that under normal oxygen tension GNAQ/GNA11 mutations, present in the G^c subunit of 
heterotrimeric G proteins (GPCR: G protein-coupled receptors) in the majority of primary uveal melanomas, are responsible for the activation of MAPK 
pathway under normoxic conditions. MARK pathway in turn activates mTOR signaling, known to regulate HIF-loc protein translation and tumor 
growth. In hypoxic conditions, HIF-loc protein levels are further induced by the inhibition of its oxygen-dependent degradation. Such induction leads 
to Notchi intracellular domain (NICDl) stabilization and Notch activation. The induction of P-Erk and P-Akt, mediated by a non-canonical Notch 
signaling, contributes in promoting invasion and metastasis. 
doi:1 0.1 371 /journal.pone.01 05372.g008 
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Supporting Information 

Figure SI HIF-2a protein levels were determined by 
Western blot in uveal melanoma lines grown in 
normoxia (N) or in hypoxia (H) for 24 hours; p-Actin 
was used as loading control. 

(EPS) 

Figure S2 A, B, HIF-la protein levels were determined by 
Western blot in Mel290 (A) and OMMl cells (B) infected with 
HIF- 1 a or scramble shRNAs and exposed to normoxia or hypoxia 
for 24 hours. C, MTS assays were performed for 2, 4, 7 days in 
normoxia or hypoxia using Mel290 and OMMl cells infected with 
HIF- lot or scramble shRNAs. P values were determined vs 
scramble control shRNA. D, E, Transwell invasion assay was 
carried out in Mel290 and OMMl cells infected with HIF- la or 
scramble shRNAs and exposed for 24 hours to normoxia or 
hypoxia (**p = 0.006; ***p<0.0006). 
(EPS) 

Figure S3 Heyl mRNA levels were analyzed by qPCR in 
five uveal melanoma lines exposed to normoxia (N) or 
hypoxia (H) for 24 hours (*p = 0.01; ***p<0.0002). 

(EPS) 

Figure S4 Hesl mRNA levels were analyzed by qPCR in 
OCMl cells (A), while Hesl and Heyl mRNA values were 
determined by qPCR in 92.1 cells (B) pre-treated with 
MRK003 or DMSO for 24 hours and then exposed to 
hypoxia or normoxia for 24 hours (*p = 0.01; **p = 0.001; 
***p<0.0001). 
(EPS) 

Figure S5 Invasion assay was performed in 92.1 cells 
exposed to 5 |liM of MRK003 or DMSO for 24 hours in 
normoxia or hypoxia (***p = 0.0001). The microphoto- 
graphs of the right panel represent the invading cells visualized 

References 

1. Harbour JW (2012) The genetics of uveal melanoma: an emerging framework 
for targeted therapy. Pigment Cell Melanoma Res 25: 171-81. 

2. Shields CL, Furuta M, Thangappan A, Nagori S, Mashayekhi A, et al. (2009) 
Metastasis of uveal melanoma millimiter-by-millimiter in 8033 consecutive eyes. 
Arch Ophthalmol 127: 989-98. 

3. Singh AD, Turell ME, Topham AK (2011) Uveal melanoma: trends in 
incidence, treatment, and survival. Ophthalmology 118: 1881 5. 

4. Prescher G, Bornfeld N, Hirche H, Horsthemke B, Jockel KH, et al. (1996) 
Prognostic implications of monosomy 3 in uveal melanoma. Lancet 347: 1222 
5. 

5. Maat W, Jordanova ES, van Zelderen-Bhola SL, Barthen ER, Wessels HW, 
et al. (2007) The heterogeneous distribution of monosomy 3 in uveal melanomas: 
implications for prognostication based on fine-needle aspiration biopsies. Arch 
Pathol Lab Med 131: 91-6. 

6. Shields CL, Materin MA, Terxeira L, Mashayekhi A, Ganguly A, et al. (2007) 
Small choroidal melanoma with chromosome 3 monosomy on fine-needle 
aspiration biopsy. Ophthalmology 114: 1919—24. 

7. Schoenfield L, PettayJ, Tubbs RR, Singh AD (2009) Variation of monosomy 3 
status within uveal melanoma. Arch Pathol Lab Med 133: 1219—22. 

8. Tschentscher F, Hiising J, Holter T, Kruse E, Dresen IG, et al. (2003) Tumor 
classification based on gene expression profiling shows that uveal melanomas 
with and without monosomy 3 represent two distinct entities. Cancer Res 63: 
2578-84. 

9. Van Raamsdonk CD, Griewank KG, Crosby MB, Garrido MC, Vemula S, et 
al. (2010) Mutations in GNAl 1 in uveal melanoma. N Engl J Med 363: 2191-9. 

10. Harbour JW, Onken MD, Roberson ED, Duan S, Cao L, et al. (2010) Frequent 
mutation of BAPl in metastasizing uveal melanomas. Science 330: 1410—3. 

11. Onken MD, Worley LA, Ehlers JP, Harbour JW (2004) Gene expression 
profiling in uveal melanoma reveals two molecular classes and predicts 
metastatic death. Cancer Res 64: 7205-9. 

12. Onken MD, Worley LA, Char DH, Augsburger JJ, Correa ZM, et al. (2012) 
Collaborative Ocular Oncology Group report number 1 : prospective validation 
of a multi-gene prognostic assay in uveal melanoma. Ophthalmology 119: 1596 
603. 



on the lower surface of the Matrigel-coated filter after 24 hour 

incubation. 

(EPS) 

Figure S6 A, Western blot was carried out using antibodies 
specific for phospho-Erkl-2^^'2°2^'^^'2°^ phospho-Akt^^^^'^ and 
p-Actin in OCMl cells treated with the y-secretase inhibitor 
MRK003 at 2 and 5 |iM for 96 hours, with exposure to hypoxia or 
normoxia over the last 24 hours of this treatment. B, Protein levels 
of CBFl, phospho-Erkl-2^^'202/Tyr204^ phospho-Akt^^^^'^ and P- 

Actin were determined by Western blot in 92.1 cells infected with 
CBFl or scramble shRNAs and exposed to normoxia or hypoxia 
for 24 hours. 

(EPS) 

Figure S7 Western blot was carried out using antibodies 
specific for HIF-la, phospho-Erkl-2^''"^^^^^^"^®^, and 
Erkl-2 in 92.1 and OCMl cells exposed to normoxia or 
hypoxia for 24 hours and then treated with Erkl-2 
inhibitor SCH772984 at 500 nM for 1 hour. 
(EPS) 

Table SI Target sequences for the short hairpin RNA 
(shRNA) targeting HIF-la or CBFl mRNA. 

(EPS) 

Acknowledgments 

We thank Dr. J. Niederkom for providing the uveal melanoma lines. This 
research was supported by Research to Prevent Blindness, ABB 
Foundation and the Moriarity fund. 

Author Contributions 

Conceived and designed the experiments: LA CGE. Performed the 
experiments: LA MHL MW AT. Analyzed the data: LA CGE. 
Contributed reagents /materials /analysis tools: KSL KJL SLM JTH AS 
EEB. Contributed to the writing of the manuscript: LA CGE. 



13. Chang SH, Worley LA, Onken MD, Harbour JW (2008) Prognostic biomarkers 
in uveal melanoma: evidence for a stem cell-like phenotype associated with 
metastasis. Melanoma Res 18: 191-200. 

14. Jaakkola P, Mole DR, Tian YM, Wilson MI, Gielbert J, et al. (2001) Targeting 
of HIF- alpha to the von Hippel-Lindau ubiquitylation complex by 02-regulated 
prolyl hydroxylation. Science 292: 468-72. 

15. Semenza GL (2010) HIF-1: upstream and downstream of cancer metabolism. 
Curr Opin Genet Dev 20: 516. 

16. Majmundar AJ, Wong WJ, Simon MC (2010) Hypoxia-inducible factors and the 
response to hypoxic stress. Mol Cell 40: 294—309. 

17. Tian H, Hammer RE, Matsumoto AM, RusseU DW, McKnight SL (1998) The 
hypoxia- responsive transcription factor EPASl is essential for catecholamine 
homeostasis and protection against heart failure during embryonic development. 
Genes Dev 12: 3320-4. 

18. Hu CJ, Wang LY, Chodosh LA, Keith B, Simon MC (2003) Differential roles of 
hypoxia-inducible factor 1 alpha (HIF-1 alpha) and HIF-2alpha in hypoxic gene 
regulation. Mol Cell Biol 23: 9361-74. 

19. Gordan JD, Bertout JA, Hu CJ, Diehl JA, Simon MC (2007) HIF-2alpha 
promotes hypoxic cell proliferation by enhancing c-myc transcriptional activity. 
Cancer Cell 11: 335-47. 

20. el Filali M, Missotten GS, Maat W, Ly LV, Luyten GP, et al. (2010) Regulation 
of VEGF-A in uveal melanoma. Invest Ophthalmol Vis Sci 51: 2329 37. 

21. Abourbih DA, Di Cesare S, OreUana ME, Antecka E, Martins C, et al. (2010) 
Lysyl oxidase expression and inhibition in uveal melanoma. Melanoma Res 20: 
97-106. 

22. Kirschmann DA, Seftor EA, Fong SF, Nieva DR, Sullivan CM, et al. (2002) A 
molecular role for lysyl oxidase in breast cancer invasion. Cancer Res 62: 4478 
83. 

23. Payne SL, Fogelgren B, Hess AR, Seftor EA, Wiley EL, et al. (2005) Lysyl 
oxidase regulates breast cancer cell migration and adhesion through a hydrogen 
peroxide-mediated mechanism. Cancer Res 65: 11429-36. 

24. Erler JT, Bennewith KL, Nicolau M, Dornhofer N, Kong C, et al. (2006) Lysyl 
oxidase is essential for hypoxia-induced metastasis. Nature 440: 1222—6. 

25. Mouriaux F, Sanschagrin F, Diorio C, Landreville S, Comoz F, et al. (2014) 
Increased HIF-la expression correlates with cell proliferation and vascular 



PLCS ONE I www.plosone.org 



14 



August 2014 | Volume 9 | Issue 8 | el 05372 



HIF-1a in Uveal Melanoma 



markers CD 31 and VEGF-A in uveal melanoma. Invest Ophthalmol Vis Sci 55: 
1277-83. 

26. Kan-MitcheU J, MitcheU MS, Rao N, Liggett PE (1989) Characterization of 
uveal melanoma cell lines that grow as xenografts in rabbit eyes. Invest 
Ophthalmol Vis Sci 30: 829 34. 

27. Ma D, Niederkorn JY (1995) Transforming growth factor-beta down-regulates 
major histocompatibility complex class I antigen expression and increases the 
susceptibility of uveal melanoma cells to natural killer cell-mediated cytolysis. 
Immunology 86: 263-9. 

28. Verbik DJ, Murray TG, TranJM, Ksander BR (1997) Melanomas that develop 
within the eye inhibit lymphocyte proliferation. Int J Cancer 73: 470 8. 

29. De Waard-Siebinga I, Blom DJ, Griffioen M, Schrier PI, Hoogendoorn E, et al. 
(1995) Establishment and characterization of an uveal-melanoma cell line. 
Int J Cancer 62: 155-61. 

30. Luyten GP, Naus NC, Mooy CM, Hagcmeijer A, Kan-MitcheU J, et al. (1996) 
Establishment and characterization of primary and metastatic uveal melanoma 
cell lines. Int J Cancer 66: 380—7. 

31. Asnaghi L, Ebrahimi KB, Schreck KG, Bar EE, Coonfield ML, et al. (2012) 
Notch signaling promotes growth and invasion in uveal melanoma. Clin Cancer 
Res 18: 654-65. 

32. Asnaghi L, Handa JT, Merbs SL, Harbour JW, Eberhart CG (2013) A role for 
Jag2 in promoting uveal melanoma dissemination and growth. Invest 
Ophthalmol Vis Sci 54: 295 306. 

33. Lewis HD, Leveridge M, Strack PR, Haldon CD, O'neil J, et al. (2007) 
Apoptosis in T cell Acute lymphoblastic leukemia cells after cell cycle arrest 
induced by pharmacological inhibition of notch signaling. Chem Biol 14: 209- 
19. 

34. Morris EJ, Jha S, Restaino CR, Dayananth P (2013) Discovery of a novel ERK 
inhibitor with activity in models of acquired resistance to BRAF and MEK 
inhibitors. Cancer Discov 3: 742-50. 

35. Bar EE, Lin A, Mahairaki V, Matsui W, Eberhart CG (2010) Hypoxia increases 
the expression of stem-cell markers and promotes clonogenicity in glioblastoma 
neurospheres. Am J Pathol 177: 1491-502. 

36. Gory AH, Owen TG, Barltrop JA, CoryJG (1991) Use of an aqueous soluble 
tetrazolium formazan assay for cell growth assays in culture. Cancer Commun 3: 
207-12. 

37. Bhutto LA, Kim SY, McLeod DS, Merges C, Fukai N, et al. (2004) Localization 
of collagen XVIII and the endostatin portion of collagen XVIII in aged human 
control eyes and eyes with age-related macular degeneration. Invest Ophthalmol 
Vis Sci 45: 1544-52. 

38. Hudson CG, Liu M, Chiang GG, Otterness DM, Loomis DC, et al. (2002) 
Regulation of hypoxia-inducible factor 1 alpha expression and function by the 
mammalian target of rapamycin. Mol Cell Biol 22: 7004-14. 

39. Abraham RT (2004) mTOR as a positive regulator of tumor cell responses to 
hypoxia. Curr Top Microbiol Immunol 279: 299 319. 

40. Land SC, Tee AR (2007) Hypoxia-inducible factor 1 alpha is regulated by the 
mammalian target of rapamycin (mTOR) via an mTOR signaling motif. J Biol 
Chem 282: 20534-43. 



41. Zhang H, Qian DZ, Tan YS, Lee K, Gao P, et al. (2008) Digoxin and other 
cardiac glycosides inhibit HIF-1 alpha synthesis and block tumor growth. Proc 
Nad Acad Sci USA 105: 19579-86. 

42. Eskelin S, Pyrhonen S, Summanen P, Hahka-Kemppinen M, Kivela T (2000) 
Tumor doubling times in metastatic malignant melanoma of the uvea: tumor 
progression before and after treatment. Ophthalmology 107: 1443-9. 

43. Victor N, Ivy A, Jiang BH, Agani FH (2006) Involvement of HIF-1 in invasion of 
Mum2B uveal melanoma cells. Clin Exp Metastasis 23: 87-96. 

44. Bedogni B, Welford SM, Cassarino DS, Nickoloff BJ, Giaccia AJ, et al. (2005) 
The hypoxic microenvironment of the skin contributes to Akt-mediated 
melanocyte transformation. Cancer Cell 8: 443—54. 

45. Cheli Y, Giuliano S, FenouiUe N, Allegra M, Hofman V, et al. (2012) Hypoxia 
and MITF control metastatic behaviour in mouse and human melanoma cells. 
Oncogene 31: 2461 70. 

46. Widmer DS, Hoek KS, Cheng PF, Eichhoff OM, Biedermann T, et al. (2013) 
Hypoxia Contributes to Melanoma Heterogeneity by Triggering HIF- la- 
Dependent Phenotype Switching. J Invest Dermatol 133: 2436-43. 

47. el Filah M, van der Velden PA, Luyten GP, Jager MJ. (2012) Anti-angiogenic 
therapy in uveal melanoma. Dev Ophthalmol 49: 1 1 7 36. 

48. Griewank KG, Yu X, KhaliH J, Sozen MM, Stempke-Hale K, et al. (2012) 
Genetic and molecular characterization of uveal melanoma cell lines. Pigment 
Cell Melanoma Res 25: 182-7. 

49. Liu ZJ, Xiao M, Balint K, Smalley KS, Braflford P, et al. (2006) Notch 1 signaling 
promotes primary melanoma progression by activating mitogen-activated 
protein kinase/phosphatidylinositol 3-kinase-Akt pathways and up-regulating 
N-cadherin expression. Cancer Res 66: 4182-90. 

50. Sahlgren C, Gustafsson MV, Jin S, PoeUinger L, Lendahl U (2008) Notch 
signaling mediates hypoxia-induced tumor cell migration and invasion. Proc 
Nad Acad Sci USA 105: 6392-7. 

51. Pietras A, von Stedingk K, Lindgren D, Pahlman S, Axelson H (2011) JAG2 
induction in hypoxic tumor cells alters Notch signaling and enhances endothelial 
cell tube formation. Mol Cancer Res 9: 626-36. 

52. Chen J, Imanaka N, Chen J, Griffm JD (2010) Hypoxia potentiates Notch 
signaling in breast cancer leading to decreased E-cadherin expression and 
increased cell migration and invasion. Br J Cancer 102: 351-60. 

53. Ingeson-Carlsson C, Nilsson M (2014) Dual contribution of MAPK and PI3K in 
epidermal growth factor-induced destabilization of thyroid follicular integrity 
and invasion of cells into extracellular matrix. Exp Cell Res pii: S0014- 
4827(14)00152-9. 

54. Rao W, Li H, Song F, Zhang R, Yin Q, et al. (2014) OVA66 increases ceU 
growth, invasion and survival via regulation of IGF-IR-MAPK signaling in 
human cancer cells. Carcinogenesis 35: 1573-81. 

55. Maat W, el Filali M, Dirks-Mulder A, Luyten GP, Gruis NA, et al. (2009) 
Episodic Src activation in uveal melanoma revealed by kinase activity profiling. 
Br J Cancer 101: 312 9. 

56. Kuphal S, Winklmeier A, Warnecke C, BosserhoflfAK (2010) Constitutive HIF- 
1 activity in malignant melanoma. Eur J Cancer 46: 1159-69. 



PLCS ONE I www.plosone.org 



15 



August 2014 | Volume 9 | Issue 8 | el 05372 



